Monetary Policy And Key Unobservables: Evidence From Large Industrial And Selected Inflation-Targeting Countries by Klaus Schmidt-Hebbel & Carl E. Walsh















MONETARY POLICY AND KEY UNOBSERVABLES: 
EVIDENCE FROM LARGE INDUSTRIAL AND 











                                                 
 La serie de Documentos de Trabajo en versión PDF puede obtenerse gratis en la dirección electrónica:   
http://www.bcentral.cl/esp/estpub/estudios/dtbc. Existe la posibilidad de solicitar una copia impresa 
con un costo de $500 si es dentro de Chile y US$12 si es para fuera de Chile. Las solicitudes se pueden hacer 
por fax: (56-2) 6702231 o a través de correo electrónico: bcch@bcentral.cl. 
 
Working Papers in PDF format can be downloaded free of charge from: 
http://www.bcentral.cl/eng/stdpub/studies/workingpaper. Printed versions can be ordered 
individually for US$12 per copy (for orders inside Chile the charge is Ch$500.) Orders can be placed by fax: 
(56-2) 6702231 or e-mail: bcch@bcentral.cl. 
Klaus Schmidt-Hebbel 
 
Carl E. Walsh 
  
BANCO CENTRAL DE CHILE 
 




La serie Documentos de Trabajo es una publicación del Banco Central de Chile que divulga 
los trabajos de investigación económica realizados por profesionales de esta institución o 
encargados por ella a terceros. El objetivo de la serie es aportar al debate temas relevantes y 
presentar nuevos enfoques en el análisis de los mismos. La difusión de los Documentos de 
Trabajo sólo intenta facilitar el intercambio de ideas y dar a conocer investigaciones, con 
carácter preliminar, para su discusión y comentarios. 
 
La publicación de los Documentos de Trabajo no está sujeta a la aprobación previa de los 
miembros del Consejo del Banco Central de Chile. Tanto el contenido de los Documentos 
de Trabajo como también los análisis y conclusiones que de ellos se deriven, son de 
exclusiva responsabilidad de su o sus autores y no reflejan necesariamente la opinión del 




The Working Papers series of the Central Bank of Chile disseminates economic research 
conducted by Central Bank staff or third parties under the sponsorship of the Bank. The 
purpose of the series is to contribute to the discussion of relevant issues and develop new 
analytical or empirical approaches in their analyses. The only aim of the Working Papers is 
to disseminate preliminary research for its discussion and comments. 
 
Publication of Working Papers is not subject to previous approval by the members of the 
Board of the Central Bank. The views and conclusions presented in the papers are 
exclusively those of the author(s) and do not necessarily reflect the position of the Central 





Documentos de Trabajo del Banco Central de Chile 
Working Papers of the Central Bank of Chile 
Agustinas 1180 
Teléfono: (56-2) 6702475; Fax: (56-2) 6702231 Documento de Trabajo  Working Paper 
N° 527  N° 527 
 
MONETARY POLICY AND KEY UNOBSERVABLES: 
EVIDENCE FROM LARGE INDUSTRIAL AND 





Entre las variables que juegan roles importantes en el diseño de la política monetaria, hay 
varias que no son observables directamente. Las principales son la tasa de interés real 
neutral, la brecha del producto y la tasa natural de desempleo. Si bien los bancos centrales 
han hecho esfuerzos aislados por estimarlas, por lo general han aplicado criterios 
específicos a cada economía y no han aportado una estimación sistemática ni una 
comparación entre países. Aquí adoptamos un enfoque de estimación común aplicado a un 
modelo parsimonioso de política monetaria, para entregar estimaciones coherentes de las 
principales inobservables para Estados Unidos, la Eurozona y Japón, así como para varios 
países con metas de inflación: Australia, Canadá, Chile, Nueva Zelanda, Noruega, Suecia y 
el Reino Unido. Así podemos obtener medidas comparables de las variables inobservables 
para un rango de países. Utilizamos nuestras estimaciones para investigar temas como las 
similitudes y la convergencia entre países para dichas variables. 
 
Abstract  
Among the variables that play critical roles in the design of monetary policy, several are 
unobservable. These include such key variables as the neutral real rate of interest, the   
output gap, and the natural rate of unemployment. While individual central banks have  
undertaken efforts to estimate these unobservables, the approaches have generally been  
country specific and have not provided either systematic estimation or comparison   
across countries. We adopt a common estimation approach, applied to a parsimonious   
monetary-policy model, to provide consistent estimates of key unobservables for the   
U.S., the Eurozone, and Japan, and several inflation-targeting countries: Australia,   
Canada, Chile, New Zealand, Norway, Sweden, and the U.K. Doing so allows us to   
obtain comparable measures of unobservables across a range of countries. We exploit   
our estimates to investigate issues of commonalities and convergence across countries   
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1. INTRODUCTION 
 
In recent years, the design of monetary policy has focused on gaps—the output gap, the interest 
rate gap, and the unemployment rate gap have all played a role in policy discussions. Standard 
models used for policy analysis are either specified in terms of such gaps or imply important roles for 
these gap variables in the implementation of monetary policy. In each case, the gap is defined as the 
difference (often in percentage terms) between an observable variable, such as output or 
unemployment, and an unobserved variable, such as potential output or the natural rate of 
unemployment. 
The presence of unobservable variables in the definitions of these gaps poses significant problems 
for central banks as they implement monetary policy. These problems are both conceptual in nature 
(what is the right definition of the output gap, potential output or the neutral real interest rate?) and 
practical (which of many empirical strategies for estimating unobservables should be used?). These 
problems are compounded by the fact that real-time data used to estimate unobservables will be 
revised in the future, implying that the best estimates available at the time policy decisions must be 
taken may, in hindsight, diverge significantly from estimates based on subsequent vintages of data.  
To estimate these key unobservables, economists have drawn on a variety of methodologies. 
Univariate approaches based on statistical methods designed to decompose a time series into trend 
and cycle have been widely used to estimate variables such as potential output or the natural rate of 
unemployment. Multivariate approaches, in turn, employ the joint behavior of several variables 
whose trend or cyclical elements may be related. Multivariate strategies offer the possibility of 
bringing economic structure to bear on the estimation problem by incorporating the restrictions 
implied by an economic model. For example, Okun’s Law suggests a relationship between the output 
gap and the gap between unemployment and the natural rate of unemployment. Thus, the joint 
behavior of output and unemployment may provide information that is useful for estimating both 
these gaps. However, the results obtained by previous researchers studying different time periods or 
different economies are difficult to compare across countries since estimation methodologies often 
differ significantly. This hinders the ability to assess how business cycles might be linked across 
countries, how potential output or the neutral real interest rate in different countries might be 
related, and how closely related the various gaps might be across a sample of countries. 
While the literature on international business cycles employs common methods to estimate 
output gaps (Backus, Kehoe, and Kydland, 1992), this work typically uses univariate statistical 
techniques (such as the Hodrick-Prescott filter) to extract the cyclical component of output. A 
univariate approach ignores the information that is potentially available if one considers the joint 
behavior of several macroeconomic variables that are affected by the same set of unobservable 
variables. Variable definitions, sample periods, and the set of unobservables examined also vary 
across applications to individual countries. And while individual central banks have undertaken 
efforts to estimate these unobservable variables, their approaches have generally been country 
specific and have not provided either systematic estimation or comparison across countries. 
Garnier and Wilhelmsen (2009) and Benati and Vitale (2007) adopt a joint estimation approach 
to uncover important unobservables for several countries. Garnier and Wilhelmsen focus on the 
United States, the euro area, and Germany, while Benati and Vitale study the United States, the 
United Kingdom, the euro area, Sweden, and Australia. However, this approach has not been 
extended to include a larger number of inflation-targeting economies or any emerging or developing 
economies. 
Our objective is to provide a consistent approach to estimating potential output, the neutral 
interest rate, and the natural rate of unemployment, using data from ten economies: the three 
largest industrial economies (the United States, the euro area, and Japan) and seven inflation-
targeting countries (Australia, Canada, Chile, New Zealand, Norway, Sweden, and United 
Kingdom). Country-by-country estimation of the three unobservables is based on a parsimonious 
monetary policy model, extending Laubach and Williams’ (2003) sequential-step estimation 
procedure. This allows us to exploit our ten countries’ time-series estimates of unobservables to test 
for commonalities and differences in their macroeconomic developments.     
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Section 2 provides a brief discussion of the role of unobservables in the design and 
implementation of monetary policy. This discussion serves, in part, to motivate the variables on 
which our empirical analysis focuses—namely, potential output, the neutral real interest rate, and 
the natural rate of unemployment. Section 3 then briefly sets out our empirical strategy. In section 4, 
we discuss the monetary policy model, the estimation approach, and the data, and report the 
country-by-country empirical results for parameter estimates and unobservables’ time series. Section 
5 extends the model and reports the corresponding results and robustness test results for the United 
States and Chile. Section 6 then uses our estimated series on the key unobservables to provide 
evidence of common trends, rising macroeconomic stability (the Great Moderation), comovements 
across our sample economies, and convergence of observables and unobservables in sample countries 
toward the United States and the euro area. Section 7 concludes and discusses extensions. 
 
 
2. THE ROLE AND IMPORTANCE OF UNOBSERVABLES IN MONETARY POLICY 
 
In this section, we discuss the role that key unobservables play in policy design. We then briefly 
review how errors in estimating potential gross domestic product (GDP) and the natural rate of 
unemployment have contributed to critical policy mistakes.  
 
2.1 Unobservable Variables and Policy Design 
 
The theoretical foundations both for monetary policy analysis and for the empirical models 
employed by central banks contain several important variables that are not directly observable. The 
output gap (the log difference between real GDP and an unobserved time-varying benchmark such as 
potential GDP) and the unemployment rate gap (the difference between the actual unemployment 
rate and the unobserved natural rate of unemployment) are typically the driving forces explaining 
inflation. Central banks may also need to monitor these unobservables out of a direct concern for 
macroeconomic stability. Both potential GDP and the natural rate of unemployment must be 
inferred from observable macroeconomic variables. Policymakers must also monitor difficult-to-
measure expectations of inflation because they need to ensure that private sector expectations are 
consistent with the central bank’s inflation targets (that is, they need to ensure that expectations are 
anchored) and because movements in inflation expectations can contribute to fluctuations in actual 
inflation. They also need to adjust policy interest rates to reflect changes in the economy’s neutral 
real interest rate.  
The critical role of these unobservable variables in designing monetary policy can be illustrated 
using a simple New Keynesian model. This benchmark model consists of a forward-looking Phillips 
Curve, an expectational IS relationship, and a specification of policy in terms of either an objective 
function (which the central bank is then assumed to maximize) or a decision rule (see Clarida, Galí, 
and Gertler, 1999).  
If the central bank’s objective is to minimize the volatility of inflation and the gap between 
output and potential output, then optimal policy (under discretion) can be described in terms of what 
Svensson and Woodford (2005) call a targeting rule. Such a rule involves ensuring that a weighted 
sum of the output gap and the inflation gap (that is, inflation minus the inflation target) is always 
kept equal to zero. Intuitively, the output gap should be negative when inflation is above target, as 
this will tend to produce a fall in inflation and thus bring inflation back to its target level. Similarly, 
the output gap should be positive when inflation is below target. The Bank of Norway describes such 
a targeting relationship between the output gap and inflation in its inflation report, in discussing the 
desirable properties of future interest rate paths. The discussions of interest rate projections in the 
Reserve Bank of New Zealand’s monetary policy statements are consistent with a similar, though 
implicit targeting rule. In following such a rule, the central bank knows its inflation target, and it 
has direct measures of both inflation and output (while the latter may be subject to serious real-time 
measurement errors, it is directly observable in principle), but it must estimate the level of potential 
output.    3
Potential output is not the only unobserved variable the central bank must estimate as it 
implements policy. To actually implement an optimal targeting rule, the central bank must still 
determine how to move its policy interest rate to maintain the required relationship between the 
output and inflation gaps. Determining the nominal interest rate that will implement the optimal 
policy requires knowledge of the relationship between interest rates and real spending, a 
relationship commonly summarized in New Keynesian models by an expectational IS curve. Using a 
standard specification of the IS relationship, one finds that the optimal interest rate will satisfy the 
following relationship (see Clarida, Galí, and Gertler, 1999): 
 
+
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where i is the nominal interest rate, π is the inflation rate, r* is the neutral real interest rate, the 
rate consistent with a zero output gap, and E is the conditional expectations operator.1 The 
parameters σ, κ, λ, and ρ are, respectively, the inverse of the interest elasticity of aggregate demand, 
the output gap elasticity of inflation, the relative weight the policymaker places on output gap 
volatility relative to inflation volatility, and the degree of serial correlation in shocks to the inflation 
equation. Both the variables on the right-hand side of equation (1) are unobservable or measurable 
only indirectly—for example, via surveys, asset prices, or the term structure of interest rates.2 
To solve for the equilibrium under the interest rate rule given by equation (1), the IS and Phillips 
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where  x is the output gap and e is a zero-mean stochastic error term. The parameter β is the 
inflation-expectations elasticity of inflation. 
It is clear from equation (1) that the neutral real interest rate will be of critical importance for 
getting the level of the policy rate right. Under an interest rate operating procedure for monetary 
policy, the level of the nominal rate when the inflation rate is equal to its target must be consistent 
with the economy’s equilibrium real rate of return. When inflation is equal to its (constant) target 
level, the Fisher relationship requires that the nominal interest rate equal the neutral rate plus the 
target inflation rate. Thus, while most of the recent literature emphasizes the importance of the 
Taylor Principle—that is, the need to adjust the nominal rate more than one for one with changes in 
inflation—it is equally important to fully adjust the nominal rate in response to changes in the 
neutral real interest rate. Woodford (2003) has labeled the equilibrium real interest rate associated 
with the absence of fluctuations resulting from nominal distortions as the Wicksellian real rate. An 
optimal monetary policy that maintains zero inflation to “undo” the real distortions created by 
nominal rigidities would ensure that the gap between the nominal interest rate and the Wicksellian 
rate remains equal to zero.  
                                                       
1. There are numerous ways to write this relationship and to define the various unobservables. For example, it would be 
more in keeping with standard New Keynesian models to define r* as the real interest rate consistent with output and the 
flexible-price equilibrium level of output being equal. 
2. If the inflation-adjustment relationship incorporates lagged inflation, the targeting rule would also include further 
terms involving forecasts of future inflation rates and output gaps.    
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Unfortunately, this Wicksellian or neutral real rate is unobservable. It is, however, closely 
related to another key unobservable—the output gap. In the context of the simple model used to 
derive equation (1), the neutral real interest rate is proportional to the growth rate of potential real 
output. Laubach and Williams (2003) use this relationship between these two unobservable variables 
to help them estimate the neutral real interest rate for the United States.  
Equations (2) and (3) also serve to highlight the key role of unobservable variables. The output 
gap appears in both, as does expected future inflation, while the neutral real interest rate appears in 
the IS relationship. Before a central bank can actually use this simple framework for policy analysis, 
methods need to be developed for estimating potential output (to obtain an output gap measure), 
expected inflation, and the neutral real interest rate.  
The difficulties in measuring the output gap go, in some sense, beyond the need to measure 
potential output, because the very definition of the output gap has evolved over the past twenty 
years. At the conceptual level, three distinct definitions have been employed. The first definition of 
the output gap is in terms of the relationship between actual GDP and potential GDP, where 
potential GDP is typically associated with the level of GDP that would be produced at full 
employment of labor and capital at normal utilization rates. This is the definition most commonly 
used in models employed by central banks.  
In recent years, the development of the New Keynesian Phillips curve has focused attention on a 
second definition of the output gap, which the underlying theory identifies as the key variable 
driving inflation. This is the output gap measured as the gap between actual GDP and the level of 
GDP that would be produced in the absence of nominal wage and price rigidities. This flexible-price 
output gap provides a measure of economic fluctuations that are due to nominal rigidities. These 
nominal rigidities allow monetary policy to have real effects, but they also create real distortions. 
Standard New Keynesian models imply that monetary policy should aim at eliminating these 
distortions by minimizing fluctuations in the output gap.  
However, stabilizing the flexible-price output gap is difficult, not least because the economy’s 
equilibrium output that would arise if there were no nominal rigidities is clearly not observable, and 
it cannot be estimated using the (often) univariate statistical approaches employed to estimate 
potential output. Instead, any estimate must come from employing a dynamic stochastic general 
equilibrium (DSGE) model that can simulate the behavior of an economy that is not subject to 
nominal rigidities. Since the correct model of the economy is unknown, any estimate of the output 
gap will be subject to a great deal of uncertainty. Levin and others (2006) provide one example of a 
DSGE model that is estimated based on U.S. data, which they use to construct a measure of the 
flexible-price output level and the associated flexible-price output gap. To date, no central banks 
have employed such a definition of the output gap in their formal policy models.3 Nevertheless, many 
central banks are working on developing DSGE models and applying them to estimate flexible-price 
output levels, as well as other unobservables. 
Finally, a third definition of the output gap is the gap between output and the welfare-
maximizing level of output. The gap defined in this manner is sometimes called the welfare gap. 
While this gap may be the most relevant for policy from a conceptual viewpoint, it is also the hardest 
to measure. The welfare gap and the flexible-price output gap move together in standard New 
Keynesian models, so stabilizing one is equivalent to stabilizing the other, a property that Blanchard 
and Galí (2007) label “the divine coincidence.” In general, however, the relationship between the two 
gap measures holds only under very special conditions. If real wages are sticky or if there are other 
labor market frictions or fluctuations in distortionary taxes, the flexible-price output gap and the 
welfare gap will diverge.  
                                                       
3. A possible exception is models that have developed from the Bank of Canada’s Quarterly Projections Model (QPM), 
such as the Forecasting and Policy System model of the Reserve Bank of New Zealand. This model distinguishes between a 
long-run component, a short-run equilibrium component, and a cyclical component to output. The output gap is then defined 
relative to the short-run equilibrium level and thus might correspond to a flexible price output gap. However, the short-run 
equilibrium level of output is an estimate of a slow-moving trend, based on a multivariate filter. Variables (in addition to 
output) included in the trend estimation procedure include capacity utilization, unemployment, and inflation. QPM was 
replaced recently at the Bank of Canada by a new open economy DSGE model, called the Terms-of-Trade Economic Model 
(ToTEM); see Murchison and Rennison (2006).    5
In addition to illustrating the general point that hard-to-measure variables are conceptually 
relevant for policy, equations (1) through (3) highlight the variables that are the primary focus of our 
study. These are the neutral real interest rate, potential output, and expected inflation. For our 
purposes, we define the output gap as the log of real GDP minus the log of potential GDP, which is 
the common definition among central banks. The natural rate of unemployment, which is linked to 
potential output, does not appear explicitly in equation (1), but we incorporate it into our analysis.  
 
2.2 Unobservable Variables and Policy Mistakes 
 
Unobservable variables play a critical role in the design and implementation of optimal monetary 
policy, but these same variables have also been center stage in a number of accounts of past policy 
errors.4 For example, Orphanides (2002, 2003), Erceg and Levin (2003), Reis (2003), and Primiceri 
(2006) all argue that errors by either policymakers or the public in estimating key macroeconomic 
variables were central to an understanding of critical episodes in the inflation history of the United 
States over the past forty years.  
Orphanides focuses on the Federal Reserve’s real-time overestimation of potential (trend) output 
following the productivity slowdown of the early 1970s. Simply put, overestimation of potential GDP 
implied an underestimation of the output gap. This led to a policy stance that was, in retrospect, too 
expansionary and contributed to producing the Great Inflation of the 1970s. Orphanides and Van 
Norden (2002) document the difficulties of estimating the output gap when, for policy purposes, this 
must be done using real-time data.5 McCallum (2001) draws the conclusion that policymakers should 
not respond strongly to movements in the estimated output gap.6 
Primiceri (2006) argues that the Fed’s failure to correctly estimate potential output is only part of 
the story behind the Great Inflation.7 He argues that if that were the only mistake, inflation would 
not have risen so much or for so long. The second factor contributing to the persistence of high 
inflation was the Fed’s underestimation of the persistence of inflation. Initial increases in inflation 
were not expected to persist, so policy did not react strongly. Because potential output was 
overestimated, economic slowdowns that were thought to be associated with negative output gaps 
did not seem to lower inflation. Policymakers thus concluded that inflation was unresponsive to 
economic activity and that a major recession would be needed to lower inflation. Perceiving that they 
faced a large sacrifice ratio if they tried to lower inflation, policymakers hesitated to try to bring 
inflation down. Primiceri develops a simple general equilibrium model in which the policymaker 
learns about the natural rate and the degree of inflation persistence, and his model accounts for both 
the policy mistakes of the 1970s, as the Fed underestimated the natural rate of unemployment and 
overestimated the sacrifice ratio associated with lowering inflation, and the disinflationary shift in 
policy under Volcker. Primiceri’s analysis shows that both the difficulties in estimating unobservable 
variables and the fact that central banks do not know the true structure of the economy can 
contribute to policy errors.  
The public also faces the need to estimate unobservable variables. Erceg and Levin (2003) focus 
on shifts in the Fed’s implicit inflation target when these shifts are not publicly announced. In this 
case, the public becomes aware of the shift in target only gradually. Erceg and Levin characterize the 
Volcker disinflation as the result of a fall in the Fed’s target inflation rate. Since this target change 
was not made explicit through any public announcement, agents overestimated inflation, which led 
to a significant contraction in real economic activity. While our focus is on estimating unobservable 
                                                       
4. See Sargent (2008) for an overview and discussion.  
5. The Reserve Bank of New Zealand provides a figure comparing their real-time quarterly output gap estimates and 
estimates prepared using final data (as of November 2002) for the period 1997–2002 (Reserve Bank of New Zealand, 2004, 
figure 9, page 15). There are sizable differences between the two: for instance, the final series changes sign four times during 
the period shown, while the real time series changes sign three times and never in the same quarter as the final estimate 
series. 
6. Orphanides and Williams (2002) find that policy rules that respond to the change in the unemployment rate gap or the 
output gap perform well. One reason might be that differencing eliminates much of the error in measuring the level of the 
output gap. 
7. Primiceri’s model is actually expressed in terms of the natural rate of unemployment rather than potential output.    
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variables for use in designing monetary policy, the work of Erceg and Levin provides a reminder of 
the consequences that can occur when the central bank’s inflation target is, from the perspective of 
the public, an unobservable. 
 
 
3  ALTERNATIVE APPROACHES TO ESTIMATING THE NEUTRAL REAL RATE, THE 
OUTPUT GAP, AND THE NATURAL RATE OF UNEMPLOYMENT 
 
There is a vast literature that uses a range of empirical techniques to estimate unobservable 
macroeconomic variables. Our survey is therefore brief and highly selective, focusing on 
contributions that are the most directly relevant for our own empirical approach. For example, while 
a large amount of work employs univariate methods to estimate potential output or the natural rate 
of unemployment, we do not focus on these approaches. We follow multivariate approaches that 
incorporate information from other macroeconomic variables, usually employing theory to guide the 
relationship between the variables or employing structural equations motivated by theory. We focus 
on multivariate approaches that are directly relevant for the methods we use to obtain estimates of 
key unobservable variables. These approaches generally combine statistical representations 
borrowed from the literature on identifying trend and cyclical components of a time series with 
relationships among variables implied by an economic model.  
The general methodology we employ involves a multivariate Kalman filter to extract estimates of 
unobserved components from observed time series. The basic framework can be represented in quite 
general terms of a specification for the dynamic evolution of a vector Zt of unobserved factors and a 
vector of observed variables Yt that are related to Zt. The evolution of the unobserved variables is 
given in state-space form by 
 




t+1 .  4) 
 
The measurement equations linking Yt to Zt take the form 
 







t ,   (5) 
 
where Zt/t is the time t estimate of the state vector Zt and Xt is a vector of exogenous and observable 
variables. Both ut+1 and vt are zero-mean stochastic error terms. In section 4, we specify the 
formulations of equations (4) and (5) that we use in our empirical analysis.  
Time t estimates of Zt are updated using the Kalman filter. Since  
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is the new information available from observing Yt in period t, the equation for updating estimates of 
Z is given by 
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The basic structure given by equations (4) through (6) has been used extensively to estimate a range 
of unobservable variables. Data on the observables Yt and Xt are used to estimate the parameter 
matrices A, B, C, D, and G.   7
An early application of the Kalman filter approach to estimating potential GDP for the United 
States is provided by Kuttner (1994).8 Kuttner lets Zt consist of trend and cyclical components of 
output, with the trend following a random walk with drift and the cyclical component described by a 
second-order autoregressive, or AR(2), process. The vector Yt consists of real output and inflation and 
reflects a Phillips curve relationship. Output is the sum of its trend and cyclical components, and 
inflation is a function of lagged output growth and the cyclical component of output.  
Basistha and Nelson (2007) take a related approach to estimating potential GDP and output in 
the United States. Like Kuttner, they adopt a latent variable approach and incorporate a Phillips 
curve relationship. They also include the unemployment rate and allow trend and cyclical 
components of output to be correlated. 
Laubach and Williams (2003) extend the Kuttner framework to incorporate the neutral real 
interest rate, r*, as an additional unobserved variable. They assume that r* is a function of the 
growth rate of potential GDP and a stochastic component that follows an autoregressive process. 
They expand the set of measurement equations to include an IS relationship linking the output gap 
to the gap between the real and neutral interest rates.9 While this specification allows for an 
integrated approach to estimating potential GDP and the neutral real interest rate, Laubach and 
Williams employ a separate univariate inflation-forecasting equation to obtain the estimate of 
expected inflation they need to construct the real interest rate.  
Fuentes, Gredig, and Larraín (2008) further extend the approach of Laubach and Williams by 
incorporating the unemployment rate and Okun’s Law linking the output gap and the gap between 
the unemployment rate and the natural rate of unemployment. The latter is assumed to follow a 
random walk. They compare the resulting measures of the output gap for Chile with gap estimates 
obtained from structural vector autoregressions (VARs) and production function approaches. 
Interestingly, the estimates based on the Kalman filter provided the best out-of-sample forecasts for 
inflation. 
Each of these examples from the literature focuses on a single country; the United States in the 
cases of Kuttner (1994), Basistha and Nelson (2007), and Laubach and Williams (2003) and Chile in 
the case of Fuentes, Gredig, and Larraín (2008). The closest formulation to our approach is by Benati 
and Vitale (2007). They, too, focus on multiple unobservables (namely, potential output, the natural 
unemployment rate, the neutral real interest rate, and expected inflation), and they obtain estimates 
of each unobservable for five economies (Australia, the euro area, Sweden, the United Kingdom, and 
the United States). Benati and Vitale allow for time variation in the model parameters. We restrict 
our attention to constant coefficient models. 
Björksten and Karagedikli (2003) report estimates of the neutral real interest rate for seven 
countries (namely, Australia, Canada, New Zealand, Sweden, Switzerland, the United Kingdom, and 
the United States), using a methodology based on long- and short-term interest rates. To extract real 
interest rates, however, they assume that expected inflation is equal to actual inflation. They find a 
marked decline since 1998 in neutral real rates for all seven countries.10 Similarly, Fuentes and 
Gredig (2008) find evidence of a trend decline in Chile’s neutral interest rate. 
 
 
4  EMPIRICAL RESULTS 
 
Our approach, following the preceding literature, is based on a parsimonious New Keynesian 
specification. We use the core relationships in the New Keynesian model to guide our specification of 
the linkages between observable variables and the key unobservables as summarized in equation (5). 
The two relationships from the New Keynesian model that we draw on are the IS equation and the 
Phillips curve. We also use a Taylor rule to represent monetary policy and Okun’s Law to link the 
unemployment gap and the output gap.  
                                                       
8. Orphanides and Williams (2002) provide an overview of the literature that estimates the natural rates of 
unemployment and the neutral real interest rates for the United States. 
9. They also allow the growth rate of potential GDP to follow a random walk. 
10. See also Basdevant, Björksten, and Karagedikli (2004).    
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4.1 The Model 
 
We start with a simple backward-looking IS relationship, as in Rudebusch and Svensson (1999), 
where the output gap (x) is determined by its own lag, the lagged real interest rate gap (the 
difference between the observed ex ante real interest rate, r, and the unobserved neutral real 
interest rate, r*), and a serially uncorrelated error term (ε1):  
 
−− − =α +α − +ε
*
11 2 1 1 1 , () tt t t t xx r r . (7) 
 
The output gap is defined as the difference between actual output (y)  and unobserved potential 




ttt x yy .  (8) 
 
The second relationship is a standard Phillips curve specification for inflation. We specify this 
equation in terms of the inflation gap rather than the level of inflation, where the inflation gap, π
t , 
is the difference between actual inflation and either trend inflation (in the case of non-inflation-
targeting countries) or between actual inflation and the target inflation rate (for inflation targeters). 
The inflation gap is determined by its own lag, the expected inflation gap, the lagged output gap, and 
a serially uncorrelated error term (ε2):  
 
− −− π= β π + βπ+ β + ε 11 12 3 12 ,
e
tt tt t t x . (9) 
 




ttt ,  (10) 
 




T  is the trend or target rate. Similarly, the inflation expectations 





ttt .  (11) 
 
We specify a standard Taylor rule that relates the observed ex ante real interest rate to the ex ante 
real natural rate, the real interest rate lag, the inflation expectations gap, the lagged output gap, 
and a serially uncorrelated error term (ε3):  
 
−− − =+ δ − + δ π + δ + ε
**
11 1 2 3 1 3 , ()
e
tt t t t t t rr r r x . (12) 
 
Equations (7) through (12) comprise our basic model. As an extension of this model, we add 
Okun’s Law that relates the observed unemployment rate (u) to the unobserved natural rate of 
unemployment (u*), the lagged gap between the observed unemployment rate and the natural rate of 
unemployment, the output gap, and a serially uncorrelated error term (ε4):  
 
−− − =+ γ − + γ + ε
**
11 1 2 14 , () tt t t t t uu u u x . (13) 
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Now we turn to the transition equations of the model corresponding to equation (4) in the 
schematic formulation of section 3. As in Laubach and Williams (2003), potential output is taken to 
follow a second-order integrated, or I(2), process and unobserved potential output growth (g) follows 








− =+ ε 16 , tt t gg ,  (15) 
 
where ε5 and ε6 are serially uncorrelated error terms. 
To close the model, we specify random-walk processes for both the neutral real interest rate and 










18 , tt t uu ,  (17) 
 
where ε7 and ε8 are serially uncorrelated error terms. 
 
4.2 Estimation Method 
 
We closely follow Laubach and Williams’ (2003) procedure in estimating our model, adapting it to 
our specification. As they note, maximum-likelihood estimates of the standard deviations of the 
innovations to the transition equations of the unobservables, as in equations (14) through (17), are 
likely to be biased toward zero because of the pile-up problem discussed by Stock (1994). We 
therefore also use the Stock and Watson (1998) median unbiased estimator to obtain estimates of the 
signal-to-noise ratios reflected by the ratios of the corresponding residual variances λg = σ6/σ5, λr = (1 
– δ1) σ7/σ3, and λu = (1 − γ1) σ8/σ4, where σi (i = 1,… 8) denote the corresponding variances of the error 
terms,  εi. We impose the latter ratios when estimating the remaining model parameters by 
maximum likelihood.  
We also follow Laubach and Williams (2003) closely in the subsequent sequential-step estimation 
procedure. In the first step (following Kuttner, 1994), we apply the Kalman filter to estimate jointly 
the IS relationship—after substituting equation (8) into (7)—and the Phillips curve—after 
substituting equations (10) and (11) into (9). In this stage we omit the real interest rate gap from the 
IS equation and assume that potential output growth (g) is constant. From the latter preliminary 
estimation, we obtain a preliminary potential output level series from which we compute an estimate 
of the (preliminary) constant potential output growth. We then estimate equation (14) to test for 
structural breaks in the level of g. Using Stock and Watson (1998, table 3), we determine a positive 
value for λg when the null of no structural break is rejected.  
In the second step, we apply the Kalman filter to estimate jointly the IS relationship, the Phillips 
curve, the Taylor rule (equation 12), and the transition equations for potential output level (equation 
14) and potential output growth (equation 15). At this stage, we impose a preliminary constant 
neutral interest rate (r*) in the IS relation and the Taylor rule. We also impose the λg estimate 
obtained in the first step. From the latter preliminary estimation, we obtain an estimate of the 
(preliminary) constant neutral rate interest rate. We then estimate equation (12) to test for 
structural breaks in the level of r*. Using Stock and Watson (1998, table 3), we determine a positive 
value for λr when the null of no structural break is rejected.    
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In step 3, we estimate jointly the IS relationship, the Phillips curve, the Taylor rule, and Okun’s 
Law (equation 13), in addition to transition equations (14), (15), and (16). We impose a preliminary 
constant natural unemployment rate in Okun’s Law. We also impose the λg and λr estimates 
obtained in the first and second steps. From the latter preliminary estimation, we obtain an estimate 
of the (preliminary) constant neutral unemployment rate. We then estimate equation (13) to test for 
structural breaks in the level of u*. Using Stock and Watson (1998, table 3), we determine a positive 
value for λu when the null of no structural break is rejected. 
Final step 4 comprises Kalman filter estimation of the full model, imposing the estimates for λg, 
λr, and λu obtained sequentially in the preceding steps. This yields the final estimates for our model 
coefficients and time series of unobservables. As in Laubach and Williams, we compute confidence 
intervals and standard errors for the parameters and unobservables applying Hamilton’s (1986) 




Our sample covers ten economies: the three largest industrial economies (namely, the United 
States, the euro area, and Japan), all of which have central banks that do not explicitly or 
exclusively target inflation; a group of six industrial countries with inflation-targeting central banks, 
comprised of New Zealand, Canada, United Kingdom, Australia, Sweden, and Norway; and Chile, an 
emerging economy with an inflation-targeting central bank.11 
Time coverage of each country sample is determined by availability of quarterly data. Our 
standard sample covers the 1970–2006 period. One exception on the long side is the United States 
(1960–2007) and on the short side exceptions are New Zealand (1974–2006), Norway (1979–2006), 
and, in particular, Chile (1986–2006).12 Data sources and definitions are reported in a data 
appendix. 
 
4.4 Estimation Results 
 
Here we report estimation results for our state-space model in its basic version (without Okun’s 
Law) for all countries. This implies omitting step 3 of the estimation method described above and 
modifying step 4 accordingly. The model thus consists of equations (7) through (12) and (14) through 
(16). In section 5 below, we report empirical results based on the extended model that includes 
equations (13) and (17) for the United States and Chile and the corresponding full four-step 
estimation procedure.13 
Tables 1 through 5 report country estimates for the two key ratios of the standard deviations of 
the residuals (λg and λr), all structural model parameters, and standard deviations of the equation 
residuals. We report results for the full sample available for each country from 1986 to 2006 for nine 
countries, except the United States where it ends through 2007:2. Figures 1–10 depict the estimated 
time series of observables and unobservables for each country, consistent with the full-sample 
estimations.  
Our estimation strategy is the following. When obtaining estimation results from the last step 
(that is, the modified fourth stage of the generalized model), we report them directly. If estimation 
results were not obtained at either the second or third stages, we conduct a grid search over an 
interval of values for the standard deviation ratios (λg and λr), as reported in the footnotes of the 
tables. We therefore report a varying number of results for each country. For example, for the United 
                                                       
11. We attempted to include Israel (with 1986–2006 data), but we were not able to attain convergence of our estimation 
model. 
12. We were restricted to using smaller samples owing to the lack of data on monetary policy rates or short-term deposit 
rates for New Zealand (before 1974) and Norway (before 1979) and the lack of quarterly data for most series for Chile before 
1986. 
13. We have experimented with two alternative specifications. The first includes one additional lag in both the IS and 
Phillips curves. In the second, we impose the restriction that the coefficients associated with inflation expectations and lagged 
inflation sum to unity. We did not obtain successful results applying either of these changes. In the first, we were not able to 
run the third step, while in the second, we encountered numerical problems.   11
States (table 1), we report only one set of results for each sample period, as we obtained estimates for 
all model parameters. In contrast, we experienced estimation problems in the case of Japan (table 1), 
so we report a second set of results for each sample period, based on predetermined median values 
for λg and λr, corresponding to an interval of values over which we conducted a grid search. 
While estimation results differ in significant ways across the ten countries, we point out the 
following general findings (abstracting from country-specific exceptions), reported in tables 1–5 and 
figures 1–10. First, the potential growth rate and the neutral real interest rate are typically not 
constant—not even for the shorter 1986–2006 sample—as reflected by nonzero values of λg and λr 
reported in the tables and depicted in the figures. This has implications for the construction of 
output gap measures as well as for the specification of Taylor rules. 
Second, point values and significance levels of structural parameter estimates vary from country 
to country and sometimes from sample to sample for a given country. For example, most parameter 
estimates conform to our priors in the full-sample estimations for Canada, Chile, and the United 
States. At the other extreme is Japan, where parameter estimates were hard to obtain and, when 
estimated over a grid search, often did not conform to expected signs or significance levels. 
Third, the IS equation generally reflects very large output gap inertia (reflected in the large and 
significant parameter estimate of its own lag). However, the sensitivity of the output gap to the 
lagged real interest rate gap ranges from negative and significant to positive and significant. 
Fourth, the Phillips curve generally reflects small but significant inflation gap reversion, 
suggesting partial reversal of quarterly inflation shocks. (The exception is Chile, which reflects 
positive inflation gap persistence.) Expected inflation shocks affect inflation gaps positively, 
significantly, and by a large magnitude in many countries. The lagged output gap raises inflation 
significantly, positively, and by a sizable magnitude in most countries. 
Fifth, the Taylor rule reflects significant inertia in central bank real interest rate innovations in 
all countries, with the exception of Japan. Most central banks raise nominal interest rates in 
response to a lagged inflation shock (δ2 ≥ −1), but not enough to satisfy the Taylor principle. (Because 
we have specified the Taylor rule for the real interest rate, the Taylor principle requires that δ2 ≥ 0.) 
The exception is Chile, where the coefficient estimate was found to be not significantly different from 
zero.14 We obtain a wide range for the interest rate gap response to a lagged output gap shock: 
monetary policy ranges from countercyclical (United States) to acyclical (Sweden) and to procyclical 
(Japan). 
Finally, judging by conformity of parameter point estimates and significance levels to priors, the 
best country results were obtained for the United States (1960–2007) and Chile (1986–2006). 
Our estimates for unobservables reveal the following results. First, the estimated time series for 
potential output growth displays smooth behavior, but g changes over time in most countries (except 
the euro area and Australia), consistent with positive country estimates for λg. Second, with 
relatively stable potential output growth, the variance of country output gaps is largely determined 
by the variance in actual output growth rates. Third, similar to potential output growth, the neutral 
real interest rate follows a smooth pattern in all countries, in line with positive country estimates for 
λr. Fourth, we generally obtained precise estimates for our three unobservables, as reflected by the 
narrow confidence intervals depicted in the figures. Fifth, we obtain similar estimates for potential 
output growth and the neutral real interest rates across the long and short samples for most 
countries. The exceptions are Australia and Norway, for which we obtain neutral interest rates well 
above actual levels in the shorter samples. Finally, we also obtain similar estimates for output gaps 
across the long and short samples in many countries. However, in Australia, New Zealand, Sweden, 
and the United Kingdom, the dynamic pattern, sign, and/or magnitude of output gap estimates differ 
significantly in the 1986–2006 sample from those obtained for the larger samples. This may reflect 
small-sample bias. We thus conduct our tests of the Great Moderation, comovements, and 
convergence across countries based on our large-sample estimates of unobservables.  
 
                                                       
14. This may reflect that Chile’s Central Bank responded to a rise in inflation expectations by maintaining its indexed 
policy rate when it was indexed to past inflation (1986–2000) and raising its nominal rate by the same magnitude of the shock 
in inflation expectations when the policy rate was set in nominal terms (2001–06).    
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5  EXTENSIONS FOR THE UNITED STATES AND CHILE 
 
In this section, we extend our basic model to include the unemployment gap (Okun’s Law) and 
apply it to the United States and Chile, for which we obtained the best results for the basic model. 
We also test for robustness of the basic model results for the United States by replacing four-step-
ahead inflation forecasts with eight-step-ahead forecasts.15 
 
5.1 Results for the United States 
 
For the extended model with Okun’s Law for the United States, we proceed in the following way. 
When freely estimating all parameter values and unobservables, λu was estimated in the fourth step 
at a value of zero, implying a constant 5.6 percent natural rate of unemployment for the United 
States in 1960–2007. Following the approach adopted for countries in section 4, we next pursue a 
grid search over alternative preset values of λu. The model parameter estimates consistent with λu = 
0 and λu = 0.4 (the median value of our grid search) are reported in columns 1 and 2 of table 6. 
Figure 11 depicts the grid-search results for the unobservables. The findings can be summarized as 
follows. The parameter estimates are generally similar for the extended model (in both columns 1 
and 2 of table 6) to those reported for the basic model (column 1, table 1). In the IS curve, the output 
gap becomes more sensitive to the lagged interest rate gap, while the coefficient of lagged inflation in 
the Phillips curve turns positive, with a corresponding reduction in size of the two other Phillips 
curve coefficients. For the newly introduced Okun’s Law, the parameter estimates exhibit the 
expected signs and are highly significant. The parameter estimate for the lagged unemployment gap 
reflects large unemployment inertia. The coefficient estimate of the lagged output gap is very large 
(–0.95) when the natural unemployment rate is estimated as constant and declines to –0.35 when 
the natural unemployment rate is variable, consistent with a value of λu set at 0.4. 
Figure 11 depicts estimation ranges for unobservables for λu varying between 0.08 and 0.72. The 
estimates for both potential output growth (which declines from 3.8 percent in the early 1960s to 2.8 
percent in the early 2000s) and the natural interest rate (which varies between 2 percent and 4 
percent between 1960 and 2006) are robust to changes in λu, reflected in their narrow ranges. 
Moreover, the estimated values and dynamics of both potential growth and the natural interest rate 
for the extended model are very close to those depicted for the basic model (upper panel, figure 1). 
However, the range of estimates for the output gap for different values of λu is larger. In addition, 
the median value for the new output gap estimate is not as close to the estimate for the basic model. 
This should not come as a surprise, since the extended model imposes a close relation between the 
output gap and the unemployment gap. Okun’s Law implies that the latter gaps are almost a mirror 
image of each other. 
The largest range of estimates depicted in figure 11 is the one for the newly estimated natural 
rate of unemployment. For the median value of λu, the natural rate varies over time between 5.1 
percent and 7.2 percent. Over the full range of λu values, the natural rate varies over time between 
4.8 percent and 8.1 percent. This is consistent with recent findings of King and Morley (2007), who 
estimate the natural rate as the steady-state of a VAR and attribute most of the volatility in 
observed unemployment to movements in the natural rate. 
We now return to the parsimonious model, replacing the four-step-ahead inflation forecast for the 
United States with an eight-step-ahead forecast. This change affects the measurement of inflation 
expectations in the three structural model equations. We obtain the following results for parameter 
estimates (column 3, table 6). First, the IS curve parameter estimates are not modified much (for 
comparison, see column 1, table 1). The parameter estimate for the inflation expectations gap in the 
Phillips curve declines almost by half, but it remains significant. The parameter estimate for the 
                                                       
15. We did not obtain model convergence when using eight-step-ahead inflation forecasts for Chile. We also conducted 
sensitivity analyses for the Phillips curve in both countries, by replacing one-period inflation lags with four-quarter lags; the 
results were almost unchanged.   13
inflation forecast gap in the Taylor rule is still significant, but it is somewhat more negative, 
implying a corresponding decline in the nominal interest rate reaction to an inflation expectations 
shock, from +0.87 to +0.78. Both results—for the Phillips curve and the Taylor rule—may suggest 
that four-quarter-ahead inflation expectations describe inflation and interest rate setting better than 
eight-quarter-ahead inflation expectations. Finally, with regard to unobservables, the output gap, 
the neutral interest rate, and potential output growth exhibit similar patterns and values as those 
based on four-step-ahead inflation forecasts. 
 
5.2 Results for Chile 
 
For the extended model with Okun’s Law for Chile, we proceed in a way similar to our approach 
with the United States. However, the difference is that when freely estimating all parameter values 
and unobservables, λg, λr, and λu are estimated at zero in the fourth-stage estimation. Therefore, we 
conduct separate grid searches over alternative preset values of the three signal-to-noise coefficients. 
The model parameter estimates consistent with λg = λr = λu = 0, and with λg = 0.082, λr = 0.080, and 
λu = 0.4 (the median values of our grid searches) are reported in columns 4 and 5, respectively, of 
table 6. Figure 12 depicts the corresponding grid-search results for the unobservables. We find that 
the parameter estimates for the extended model (columns 4 and 5 in table 6) are generally very 
similar to those reported for the basic model (corresponding columns 1 and 2 in table 5). The one 
important exception is the IS curve, where the output gap becomes more sensitive (and significant) 
to the lagged interest rate gap in the extended model (that is, the lambdas are set at positive values). 
The coefficient of lagged inflation in the Phillips curve now turns positive, with a corresponding 
reduction in size of the two other Phillips curve coefficients. For the newly introduced Okun’s Law, 
parameter estimates exhibit the expected signs and are highly significant. The parameter estimates 
for the lagged unemployment gap reflect moderate unemployment inertia, while the coefficient 
estimate of the lagged output gap is large (close to −0.6). 
The estimation ranges depicted in the three rows of figure 12 are relatively narrow for all 
unobservable variables. The widest range in each row is for the unobservable over which the grid 
search is conducted. The general dynamic pattern of three unobservables (namely, potential output 
growth, the output gap, and the neutral interest rate) estimated for the extended model are similar 
to those obtained for the basic model. Potential output growth is estimated to have declined from 6.5 
percent in the late 1980s and early 1990s to 3.5 percent in the early 2000s. The neutral interest rate 
follows a very similar pattern, falling from 6.5 percent in the late 1980s and early 1990s to 3 percent 
in the early 2000s.  
As in the case of the extended model applied to the United States, the differences in output gap 
estimates are not surprising, as the extended model imposes a close relation between the output gap 
and the unemployment gap. Again, Okun’s Law implies that the latter gaps are almost a mirror 
image of each other. However, in contrast to the United States, the range for the new estimates of 
the natural rate of unemployment is not as large in Chile. For the median value of λu, the natural 
rate varies over time between 7.7 percent and 8.1 percent. Over the full range of λu values, the 
natural rate varies over time between 7.5 percent and 8.5 percent. This is consistent with recent 
findings by Restrepo (2008) based on different models of estimation for the NAIRU in Chile.  
 
6  THE  GREAT  MODERATION,  COMOVEMENTS, AND CONVERGENCE IN 
INDUSTRIAL ECONOMIES 
 
The period of low inflation and low volatility in key macroeconomic variables beginning in the 
late 1980s, following the high inflation and real instability of the mid-1970s and early 1980s, is 
sometimes called the Great Moderation. It has been documented fairly extensively in academic 
research and policy evaluations.16 At the same time, there is a presumption that rising world trade 
                                                       
16. For example, the International Monetary Fund’s October 2006 World Economic Outlook devotes a well-documented 
chapter to the Great Moderation.    
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and financial integration should lead to stronger business cycle comovement across countries, as well 
as stronger convergence in real variables, like growth and real interest rates, particularly among 
industrial countries. In this section, we exploit our country time-series estimates of unobservables, in 
addition to the series of selected observables, to test for the Great Moderation, comovements, and 
convergence in our sample of nine industrial countries, using quarterly data for 1970–2006.17 
 
6.1 Common Trends in Key Unobservables 
 
We start by describing the trends in potential output growth rates (figure 13) and neutral real 
interest rates (figure 14) across the nine countries. The most striking feature of the potential output 
growth estimates is the large reduction in cross-country variation observed between 1970 and 2006. 
Leaving out Japan, country point estimates of potential growth ranged from zero (New Zealand) to 4 
percent (Canada) in the early 1970s. In contrast, the range of potential growth estimates for 2006 
was quite narrow, delimited by Japan’s low potential growth rate (1.8 percent) and Australia’s 
constant rate (3.2 percent). The most striking increase in potential growth is New Zealand, where 
potential growth rose from zero to 3.2 percent in the last four decades; this stands in sharp contrast 
to Japan’s reduction from 4.5 percent to 1.8 percent. Sweden and the United Kingdom exhibit a 
slight trend rise in potential growth, with the opposite pattern observed in Canada, Norway, and the 
United States. 
Similar to the case of growth, the cross-country dispersion in neutral real interest rates has 
declined strongly in the last four decades (figure 14). In the early 1970s, neutral real rates ranged 
from –1.9 percent (United Kingdom) to 3.1 percent (euro area). By 2006, the range had narrowed to 
an interval from 1.5 percent (Japan) to 3.1 percent (euro area), except for New Zealand. Six countries 
exhibit an inverted-U-shaped pattern of their neutral real interest rates. This reflects strong 
monetary adjustment in response to the Great Inflation of the late 1970s, with real policy rates 
peaking in the 1980s and early 1990s at levels of up to 6.5 percent (Australia in 1990). The 
stabilization success of the 1980s and 1990s that led to the Great Moderation allowed for subsequent 
lower neutral rates in the 1990s and 2000s. The exception to the latter trend is New Zealand, where 
the neutral real interest rate continued to rise, reaching 4.8 percent in 2006.  
 
6.2 The Great Moderation 
 
To investigate the Great Moderation, we focus on volatility trends of seven key variables in our 
nine sample countries. Three variables are observables (inflation, output growth, and the real 
interest rate) and four are unobservables (potential output growth, the output gap, the natural real 
interest rate, and the interest rate gap). We compute rolling standard deviations for the latter 
variables using a window of seventy-four quarters.18 We then report the associated confidence 
intervals obtained by bootstrap techniques.19 
This approach is informative about the Great Moderation, reflected in increased stability of key 
macroeconomic variables. We focus on both the level of the rolling standard deviation and the 
varying width of the confidence interval. The results are depicted separately for each variable in 
figures 15 through 21. The nine smaller panels in each figure show rolling point estimates of the 
standard deviation and their estimated time-varying confidence intervals for each country, while the 
                                                       
17. We use our shorter time series for New Zealand and Norway, and we drop Chile due to the lack of quarterly data 
before 1986. 
18. We use a window size of seventy-four quarters (or eighteen and a half years), which is half our thirty-seven-year 
sample coverage from 1970 to 2006. We choose this rather large window to show more clearly long-term volatility trends, 
avoiding excessive noise in standard deviations that shows up when using conventional forty-quarter (ten-year) rolling 
windows.  
19. We apply a bootstrap technique for estimating time-varying confidence intervals because of its superior asymptotic 
properties in small samples, in comparison with standard confidence intervals. Hall’s confidence intervals are calculated using 
the stationary bootstrap method of Politis and Romano (1994). This technique guarantees stationary artificial series by 
allowing a random block size (indeed, it follows a geometric distribution) when resampling the data. We set the mean of the 
block size at three and perform 2,000 replications.    15
larger bottom panel depicts the nine point estimates for each country and the corresponding country 
mean to better represent the common volatility trend across our sample countries. We find that the 
volatility of inflation has declined in all countries, except Norway; the mean volatility of inflation fell 
from 4.0 percent in 1970–87 to 2.2 percent in 1988–2006 (figure 15).20 Moreover, this trend is also 
significant as reflected by the narrowing confidence intervals. The exception is again Norway, where 
point estimates decline while confidence intervals rise after 1988. The largest reductions in inflation 
volatility are observed in Australia, Canada, and New Zealand, roughly from 6.0 percent to about 2.2 
percent. The euro area exhibits the lowest inflation volatility during most of the sample period.  
The reduction of the volatility of output growth in all nine countries is remarkable, reflected by 
both declining point estimates and narrowing confidence intervals (figure 16). The average country 
level of output growth volatility fell roughly by half, from 5.0 percent in 1970–87 to 2.7 percent in 
1988–2006. The largest growth stabilization was recorded in New Zealand, where growth volatility 
fell from 14 percent in the 1970s and 1980s to 5 percent in the 1990s and 2000s. Australia, Sweden, 
and the United Kingdom also exhibit large reductions in growth volatility. Again the euro area 
exhibits the highest level of stability throughout the last thirty-seven years.  
We now turn to our first unobservable, potential output growth.21 Like all estimated 
unobservables, potential growth either is estimated as a constant (in the euro area and Australia) or, 
if variable (in the other countries), exhibits a smooth pattern over time, without high-frequency 
volatility (figure 17). Therefore, its volatility—like that of the neutral interest rate, reported below—
is lower by an order of magnitude than the volatilities exhibited by observable variables. The 
average country volatility (for the seven countries where potential output varies over time) declines 
only marginally over time. Opposite trends are observed in different countries. For example, New 
Zealand records a strong trend decline in potential growth volatility, while a growing trend is 
observed in Japan up to 2000, which is partially reversed thereafter. 
The average country volatility of the output gap (our second unobservable) falls slightly, from 1.6 
percent in 1970–87 to 1.4 percent in 1988–2006 (figure 18). There are moderate to large reductions in 
the volatility of the output gap in six countries, no clear trends in two countries, and a slight trend 
rise in one country (Australia). The United Kingdom exhibits the most stable output gap throughout 
the full 1970–2006 period. 
A general pattern of declining volatility is also found for the real interest rate: the average 
country volatility falls from 3.8 percent to 2.3 percent (figure 19). The largest reductions in interest 
rate volatility are recorded in New Zealand and the United Kingdom. Norway does not exhibit a 
trend reduction because its interest rate volatility is low from the start. The exception is Sweden, 
which experienced a sharp rise in interest rate volatility in the third quarter of 1992, as a result of a 
very short but very high interest rate spike.  
As with potential output growth, the results for the volatility of our estimated neutral real 
interest rate are mixed (figure 20). Nevertheless, the average country volatility of the neutral rate 
declines by half, from 1.2 percent in 1970–87 to 0.6 percent in 1988–2006. The largest decline in 
neutral rate volatility is recorded by the United Kingdom, while volatility rises in Norway. Japan 
records the lowest neutral rate volatility, close to zero, throughout the full sample period. 
Finally, the results for the interest rate gap largely mimic those of the real interest rate because 
the natural interest rate exhibits very low variability relative to the real rate (figure 21). 
The evidence presented here is strongly supportive of the Great Moderation in key 
macroeconomic variables in industrial countries. The strong trend reduction in volatilities of three 
observed variables (namely, inflation, output growth, and the real interest rate) and the moderate 
decline in volatilities of the unobservable neutral interest rate and the two unobservable gap 
measures (the output gap and the interest rate gap), as well as the narrowing of the corresponding 
confidence intervals, are proof of the gains attained in macroeconomic stability during the period 
                                                       
20. The correlation between the first and second moments of inflation is known to be very large. Hence, the declining 
trends in inflation volatility described here are matched by declining trends in inflation levels. 
21. The descriptive statistics discussed below for our estimates of unobservable are conditional on our estimates and 
should thus be taken with caution, in comparison with those reported for observables like inflation, actual growth, and actual 
interest rates.     
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from 1988 to 2006. The narrowing of country differences in volatilities that came about with the 
reduction in country volatilities during the last four decades also suggests stronger comovements 




This section focuses on comovements of key variables across countries. We look at the same 
variables as above, less inflation. Cross-country correlations are reported for each variable for the 
full sample period (the 1970s to 2006) in tables 7 and 8. We focus on pairwise regional patterns. 
Output growth correlations among the three largest economies are low but significantly different 
from zero. The correlations between the three larger economies and some smaller countries (Canada 
and European economies) are somewhat larger. Our estimates for potential output growth in the 
euro area and Australia are constant, so we focus on correlations of third countries with the United 
States. Canada, Japan, and Norway display large positive correlations with the United States, 
whereas we find large negative correlations with the United States in New Zealand, Sweden, and the 
United Kingdom. 
Output gap correlations between the euro area and every included country are either largely 
negative or zero, reflecting highly nonsynchronous business-cycle conditions of the euro area with 
other industrial countries. This stands in stark contrast to the United States, whose output gap is 
highly and positively correlated with all economies, except the euro area.  
Among the three big economies, real interest rates are positively correlated. The same is true for 
most pairwise correlations, except Japan’s. This reflects the common, long cycle of low-high-low real 
interest rates observed in most countries during the last four decades. Even stronger correlations are 
observed in the case of neutral real interest rates, again except Japan, reflecting the common world 
trend in monetary policy observed in most industrial countries. Cross-country interest rate gap 
correlations are similar to actual interest rate correlations, but they are often smaller and less 
significant.  
To describe cross-country comovements, we follow the approach adopted above in documenting 
volatility trends. Here we focus on rolling correlations of key variables between the United States 
and the eight industrial economies. We report point estimates of correlation coefficients and their 
confidence intervals for seventy-four-quarter windows during 1970–2006, using the stationary 
bootstrap technique mentioned above. We find no common trend in output growth correlations with 
the United States (figure 22). While output growth correlations with the United States rise in 
Australia, Canada, Sweden, and the United Kingdom, they decline in Japan, New Zealand, and 
Norway. Potential output growth correlations turn from positive (and mostly significant) to negative 
(and significant) in New Zealand, Canada, United Kingdom, and Sweden (figure 23). Except for the 
euro area and Japan, output gap correlations of all other countries with the United States rise over 
time, confirming increasing cyclical synchronization between small and medium-sized industrial 
economies and the U.S. economy (figure 24). 
Real interest rate correlations with the United States display a U-shaped pattern over the last 
four decades, reaching their lowest values during the 1980s and early 1990s and rising to high levels 
again in the late 1990s and early 2000s. This suggests rising monetary integration (or declining 
monetary independence) in the last decade (figure 25). Regarding neutral real interest rate 
correlations with the United States, the U-shaped pattern is confirmed in most economies, while in 
Japan and Norway correlations turn from negative to positive (figure 26). New Zealand displays the 
opposite pattern, from positive to negative. The country pattern of interest rate gap correlations with 
the United States replicates that of actual interest rate correlations, reflecting the smoothness of 
neutral rates (figure 27). 
Summing up, country averages of the rolling correlation coefficients of country variables with 
those of the United States display slightly rising trends for the output gap, the actual interest rate, 
the neutral interest rate, and the interest rate gap (the lower panels in figures 22 through 27). The 
opposite is observed regarding average trends in actual and potential output growth with the United 
States, which decline over time.   17
 
6.4 Convergence  
 
In this section, we test for cross-country convergence with the United States and the euro area in 
key variables for our full sample of eight countries. Because rising correlations over time do not 
imply convergence in levels, we carry out this final set of exercises on convergence to complement the 
previous evidence on increasing comovements. 
We test for convergence across countries using the following simple autoregressive models for the 
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where vj (vus, veuroaera) is an observable variable or an unobservable estimate for country j (for the 
United States, for the euro area), uj (uus, ueuroarea) is a zero-mean stochastic error term for country j 
(for the United States, for the euro area), and α0 and αi (i = 1, …p) are the autoregressive coefficients 
of the AR(p) process. 
For the AR(p) model, we obtain convergence across countries if the AR polynomial is stationary.22 
To test for stationarity, we use a grid bootstrap method to estimate confidence intervals for the 
parameters of interest (Hansen, 1999).23  
The variable v represents observable variables (output growth and the interest rate), our 
estimates for unobservables (potential output growth and the neutral interest rate), and our 
estimated unobservable gaps (the output gap and the interest rate gap). We do not test for 
convergence in levels of cross-country gap measures, however, as they tend to zero by construction.  
The convergence tests for actual output growth (table 9) and interest rates (table 10) reveal the 
following results. For actual growth convergence with the United States, we find that all countries 
are characterized by an AR(1) model, except Sweden with an AR(2) process. We find (weak) evidence 
of convergence with the United States for all countries, although αj is only significant in Chile, New 
Zealand, Norway, and Sweden. For the remaining countries we are not able to reject a white-noise 
process.24 For all countries, we obtain small half-lives of shocks (HLS) of only 0.6 quarters, on 
average. 
When we examine actual growth convergence with the euro area, the relationships are 
characterized by higher-order AR processes in Japan, Norway, Sweden, and the United Kingdom. 
We find evidence of convergence with the euro area for all countries. The smallest HLS is 0.2 
quarters (Australia) and the largest is 2.3 quarters (United Kingdom); the average HLS is 1.1 
quarters. 
Turning to convergence of actual interest rates with U.S. interest rates, we estimate an AR(1) 
process for almost all countries, except Chile with an AR(2) process (table 10). We find that all 
countries converge to the United States (and all estimated parameters are significant). As above, we 
also estimate HLS coefficients, which are much larger than those obtained for growth convergence. 
                                                       
22. For example, convergence of an AR(1) model requires that |α1| < 1; convergence of an AR(2) model requires that α1 + α2 
< 1, α2 – α1 < 1, and α2 > –1. Hamilton (1994) provides a more detailed discussion of stationarity conditions. 
23. The bootstrap method works as follows. Pick a grid over the parameters of interest and calculate the confidence 
interval by bootstrap at each parameter value, then smooth the estimated function for the confidence interval using a kernel 
regression, and finally obtain the confidence interval estimated by the kernel for a given value of the parameter. Lag lengths 
(p lags) are determined using the Akaike information criterion (AIC), the Hannan-Quinn criterion (HQC), and the Bayesian 
information criterion (BIC). 
24. All autocorrelations and partial correlations are not significantly different from zero.    
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HLS coefficients range from 1.8 quarters (Sweden) to 7.5 quarters (Chile), with an average HLS of 
3.7 quarters. 
For interest rate convergence with the euro area, we estimate an AR(1) process for all countries, 
less Canada with an AR(2). All countries’ interest rates converge to the euro area’s. Our HLS 
estimates range from 0.8 quarters (Sweden) to 5.5 quarters (Chile), with an average HLS of 2.6 
quarters. 
We did not find country convergence of our two key estimated unobservables (that is, the 
potential output growth rate and the neutral real interest rate) with either the United States or the 
euro area. This reflects the fact that country differentials in unobservables—with either the United 
States or the euro area—are not stationary in the 1970–2006 sample. 
 
 
7  CONCLUSIONS AND POSSIBLE EXTENSIONS 
 
The conduct of monetary policy is crucially dependent on several key unobservables. The output 
gap, the neutral real interest rate, the natural rate of unemployment, and expected inflation are the 
most critical for central bank models, forecasts, and policy decisions. Individual central banks have 
developed methodologies for estimating unobservable variables. Many researchers have derived 
estimates for single countries (usually the United States) or for a small number of developed 
economies. We have extended this literature by providing new estimates of key unobservables for ten 
economies, including the world’s three largest economies and seven inflation-targeting countries. In 
addition, we have exploited our time-series estimates of unobservables for ten economies to test for 
common trends, more macroeconomic stability, comovements, and convergence across economies. 
We adopted a very parsimonious monetary policy model comprising an IS relation, a Phillips 
curve, a Taylor rule, and transition equations for key observables and unobservables. This model 
was applied to all sample countries. An extended version, including Okun’s law, was also applied to 
the United States and Chile. Our estimation model, which closely follows Laubach and Williams’ 
(2003) sequential-step estimation procedure, yields country estimates for model parameters and 
unobservable-variable time series for each country. 
Structural parameter estimates vary from country to country and sometimes from sample to 
sample for a given country. The results conform to our prior assumptions in the case of the United 
States, Canada, and Chile, less so for six other economies, and the least for Japan.  
We also obtain reasonable and precise estimates for unobservable variables and for all countries. 
The evidence points to time variation in trend output growth, the neutral real interest rate, and (for 
the United States and Chile) the natural rate of unemployment. This time variation has important 
implications for the conduct of monetary policy. For example, if trend growth of potential output 
were constant, then policy rules that focus on the growth rate of output relative to the growth rate of 
potential (such as speed limit policies of the type analyzed in Walsh, 2003) might serve to eliminate 
(or at least significantly reduce) measurement problems in estimating the level of potential output. 
But if the growth rate of potential output is also subject to stochastic variation, as we find it to be, 
then the problem of estimating the level of potential cannot be eliminated by simply focusing on 
growth rates. Similarly, time variation in the neutral real interest rate implies that simple Taylor 
rules for the policy interest rate, which very commonly assume that the equilibrium real interest 
rate is constant, may lead to policy errors.  
Finally we have used our estimates of unobservables and the data on observables to test for 
common trends and comovements across countries, the time trend toward more macroeconomic 
stability, and convergence in variable levels toward those observed in the United States and the euro 
area. 
Consistent with the notion of a Great Moderation over the 1988–2006 period, measures of 
inflation volatility showed a marked common decline over the past decade. Output growth also 
declined in volatility. However, little of this decline in output growth volatility seems due to a decline 
in the volatility of the growth rate of potential output. The volatility of the latter has fallen slightly 
over the past twenty years, but this decline is small relative to the overall reduction in output   19
growth volatility. Given these results, it is perhaps surprising that the volatility of the output gap 
displays only a modest decline over the sample. This reflects, in part, a rise in the average output 
gap volatility among our sample countries over the past decade. This is an interesting finding since it 
offers evidence, consistent with standard theoretical models, that greater inflation stability should 
come at the cost of some increase in output gap volatility. The failure of output gap volatility to fully 
reflect the decline in output growth volatility suggests that there may have been an increase in the 
volatility of the level of potential output over this period.  
We find evidence that the volatility of the neutral real interest rate has declined when we look at 
the average across the sample economies. However, this masks significant differences among the 
individual economies. 
Interestingly, we find neutral real interest rates to be more highly correlated across countries 
than either actual real rates or Wicksellian interest rate gaps. The notable exception to this finding 
is Japan. While neutral real rates were highly correlated across countries, this did not reflect a 
common pattern of convergence to the level of the U.S. or euro area neutral real rates. In fact, the 
neutral real rate differentials were nonstationary, indicating no long-run tendency to converge. 
There are several extensions of the analysis that would be interesting to pursue. We would like 
to extend the approach to allow for richer and potentially different dynamics across the set of 
countries. Undoubtedly, one reason for some of our mixed results for individual countries arises from 
our use of a common specification of dynamics across all countries, particularly since our 
parsimonious model incorporated a fairly simple dynamic structure. It would also be useful to extend 
the sample to include more emerging market and developing economies. Many of these economies 
have adopted inflation-targeting frameworks in which the output gap and the neutral real interest 
rate are central to the design of policy. They are generally small open economies, making them 
candidates for exploring issues of convergence and comovements among these countries and the 
large industrialized economies.  
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Data Appendixa 
VARIABLE  Description Source  Countries 
Consumer price index  IFS  Australia, Canada, Japan, New Zealand, 
Norway, Sweden, and United Kingdom 
Consumer price index  INE and CBC Chile 
Price index for personal consumption expenditures  LW  United States 
Inflation 
measure 
Consumption deflactor  ECB  Euro area 
Inflation targets A composite measure that joins the HP-filtered inflation rate 
and the observed inflation targets for inflation targeters. For 
nontargeters (the euro area, Japan, and the United States) we 






Calculations based on four step-ahead forecasts stemming from 




OECD  Australia, Canada, Japan, New Zealand, 
Norway, Sweden, United Kingdom, and 
United States 




Seasonally adjusted real gross domestic product 
LW United  States 
OECD  Australia, Canada, Japan, New Zealand, 
Norway, Sweden, United Kingdom, and 
United States 
ECB Euro  area 
Unemployment 
rate 
Seasonally adjusted unemployment rate 
INE Chile 
Short-term interest rate. The real interest rate is calculated as 
the difference of the nominal interest rate and our estimation of 




Australia, Canada, Japan, New Zealand, 
Norway, Sweden, and United Kingdom 
Euro area 
CBC Chile  Real monetary policy rate. Previous to 1994 indexed CBC's 90-
day bond rate. Since 2001, official nominal MPR less expected 
inflation from inflation reports. 
  
Interest rate 
Monetary policy rate  LW  United States 
a. IFS: International Financial Statistics; INE: National Statistics Institute of Chile; CBC: Central Bank of Chile; LW: Laubach and Williams (2003); ECB: European Central Bank; OECD: Organization for Economic Cooperation and 
Development.  21 
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1970:02 – 2006:04  1986 – 2006:04 
Parameters (1)  (2)  (3) (4)  (5)  (6)  (7)  (8) 
λg 0.0475  0.0612  0.0000  0.0000  0.0000 0.0400  0.0000 0.0400 
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Source: Authors’ calculations 
a. The estimations presented in columns 1, 2, and 3 are from the third step. Column 4 estimations are from the 
first step; we did not obtain estimations after the first step due to the matrix singularity problem. For Japan, the 
estimations in columns 5 and 7 are from the first step, since λr is not estimated in the second step when we impose λg = 
0 due to the matrix singularity problem. In columns 6 and 8, the estimations are from the third step, where λr and λg 
are obtained across a grid search in the interval [0.005; 0.075]. Standard errors are in parentheses. 
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Table 2. Parameter Estimates for New Zealand and Canadaa 
 
  New  Zealand    Canada 
1974:02 – 2006:04    1986:02 – 2006:04   
1970:02 – 
2006:04    1986:02 – 2006:04 
Parameters  (1) (2)   (3) (4) (5) (6) (7) (8)
λg 0.0544  0.0544    0.0757 0.0757    0.0484    0.0000 0.0484  0.0484 






  0.7153 
(0.1345) 
0.6256 
(0.0927)   
0.9598 
(0.0582) 












































































































































































































Source: Authors’ calculations 
a. For New Zealand, the estimations in column 1 are from the second step; we did not obtain estimations in the 
third step due to the matrix singularity problem. The estimations in column 2 are from the third step, where λr is 
obtained across a grid search in the interval [0.0444; 0.1244]. The estimations in column 3 are from the third step. The 
estimations in column 4 are from the third step, where λr and λg are obtained across a grid search in the interval 
[0.0275; 0.9775]. For Canada, the estimations in column 5 are from the third step. The estimations in column 6 are 
from the first step, since λr is not estimated in the second step when we impose λg = 0, due to the matrix singularity 
problem. The estimations in column 7 are from the third step, where λg and λr are obtained in the estimation with the 
sample 1970-2006. The estimations in column 8 are from the third step, where λr is obtained across a grid search in the 
interval [0.0098; 2.0198]. Standard errors are in parentheses. 
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Table 3. Parameter Estimates for the United Kingdom and Australiaa 
 
 United  Kingdom    Australia 
1970:02 – 2006:04    1986:02 – 2006:04   
1970:02– 
2006:04    1986:02 – 2006:04  Parameter
s  (1)  (2)  (3)  (4) (5) (6) (7)  (8)
λg 0.0275  0.0275    0.0000 0.0275    0.0000    0.0069 0.0069  0.0569 



























































































































































































































Source: Authors’ calculations 
a. For the United Kingdom, the estimations in column 1 are from the first step, since λr is not estimated in the 
second step when we impose λg = 0.0275 due to the matrix singularity problem. The estimations in column 2 are from 
the third step, where λr is obtained across a grid search in the interval [0.0444; 0.1244]. The estimations in column 3 
are from the second step. We did not obtain estimations in the third step due to the matrix singularity problem. The 
estimations in column 4 are from the third step, where λg is obtained in the estimation with the sample 1970-2006 and 
λr is obtained across a grid search in the interval [0.055; 0.065]. For Australia, the estimations in column 5 are from 
the third step. The estimations in column 6 are from the second step. We did not obtain estimations in the third step 
due to the matrix singularity problem. The estimations in column 7 are from the third step, where λr is obtained in the 
estimation with the sample 1970-2006. The estimations in column 8 are from the third step, where λr and λg are 
obtained across a grid search in the interval [0.0275; 0.9775]. Standard errors are in parentheses. 
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Table 4. Parameter Estimates for Sweden and Norwaya 
 




1986:02 – 2006:04    1979:02 – 2006:04 
 
1986:02 – 2006:04 
Parameter
s  (1) 
 
(2) (3)    (4)  (5) 
 
(6) (7) 
λg 0.0262    0.0000 0.0262    0.0677  0.0677    0.1186 0.1186 
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Source: Authors’ calculations 
a. For Sweden, the estimations in column 1 are from the third step. The estimations in column 2 are from the first 
step, since λr is not estimated in the second step when we impose λg = 0 due to the matrix singularity problem. The 
estimations in column 3 are from the third step, where λr is obtained in the estimation with the sample 1970-2006. For 
Norway, the estimations in column 4 are from the second step. We did not obtain estimations in the third step due to 
the matrix singularity problem. The estimations in column 5 are from the third step, where λr is obtained across a grid 
search in the interval [0.0050; 0.0750]. The estimations in column 6 are from the second step. We did not obtain 
estimations in the third step due to the matrix singularity problem. The estimations in column 7 are from the third 
step, where λr is obtained across a grid search in the interval [0.0050; 0.0750]. Standard errors are in parentheses. 
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Table 5. Parameter Estimates for Chilea 
 
  Chile 
1986:02 – 2006:04 
Parameters (1) (2) 
λg 0.0000  0.0820 
λr   0.0000  0.0800 
α1 
1.0771   
(0.0540) 
0.9412   
(0.1074) 
α2 
–0.2461   
(0.1245)  





0.4325   
(0.0946) 
β2 
0.5078   
(0.1612)  
0.5940   
(0.1959) 
β3 
0.0142   
(0.0251)  
0.2756   
(0.2216) 
δ1 
0.6996   
(0.1242)  
0.6552   
(0.0861) 
δ2 
–0.0151   
(0.2658)  
0.1188   
(0.2049) 
δ3 
0.0733   
(0.0809)  
0.3680   
(0.2525) 
σy 
1.2847   
(0.9877)  
1.0436   
(0.2924) 
σπ 
1.8274   
(0.1110)  
1.7188   
(0.1230) 
σr 
1.3993   
(0.0750)  
1.2777   
(0.0833) 
* y σ   0.0001  
(8810.1) 
 0.7456   
(0.3177) 
 
Source: Authors’ calculations 
a. The estimations in column 1 are from the second step; we did not obtain estimations in the third step due to the 
matrix singularity problem. The estimations in column 2 are from the third step, where λg and λr are obtained across a 
grid search in the intervals [0.062; 0.102] and [0.06; 0.10], respectively. Standard errors are in parentheses. 
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Table 6. Parameter Estimates for Alternative Models for the United States and Chilea 
 
  United States 
1960:1 – 2007:2 
Chile 
1986:2 – 2006:4 
  Extended Model 






(with Okun’s law) 
Parameters (1)  (2)  (3)  (4)  (5) 
λg 0.0475  0.0475  0.0586  0.0000  0.0820 
λr   0.0215  0.0215  0.0304  0.0000  0.0800 






































































































































































  Source: Authors’ calculations 
a. For the United States, the estimations in column 1 are from the fourth step of the extended model with Okun’s 
Law. The estimations in column 2 are from the fourth step, where λu is obtained from a grid search in the interval 
[0.08; 0.72]. The estimations in column 3 are from the third step of the modified standard model with eight-step-ahead 
inflation forecast. For Chile, the estimations in column 4 are from the fourth step. The estimations in column 5 are 
from the fourth step, where λg, λr and λu are obtained from a grid search in the intervals [0.062; 0.102], [0.06; 0.10], and 
[0.08; 0.72], respectively. Standard errors are in parentheses.   29













A. Actual output growth 
United States  1.00  0.24 0.19 0.24 0.50 0.29 0.30  0.18  0.15 
Euro area    1.00  0.31 0.25 0.32 0.37  0.10  0.32 0.30 
Japan     1.00  -0.07  0.13  0.28  -0.02 -0.01  -0.08 
New  Zealand     1.00  0.20  0.08 0.12  0.24 0.26 
Canada       1.00  0.27 0.31  0.11 0.08 
United  Kingdom         1.00  0.05  0.28  -0.01 
Australia          1.00  0.08  0.01 
Sweden             1.00  0.22 
Norway               1.00 
 
B. Potential output growthb 
United States  1.00  0.00  0.82 -0.61 0.55 -0.64  0.00  -0.73 0.66 
Euro area    1.00  0.00  0.00  0.00  0.00  1.00  0.00  0.00 
Japan     1.00  -0.83 0.58 -0.90  0.00  -0.75  0.27 
New  Zealand     1.00  -0.56  0.85  0.00  0.70  -0.30 
Canada       1.00  -0.34  0.00 -0.05  0.16 
United  Kingdom         1.00  0.00  0.80  -0.31 
Australia          1.00  0.00  0.00 
Sweden             1.00  -0.34 
Norway               1.00 
 
C. Output gap 
United States  1.00  -0.28 0.27  0.29  0.66 0.50 0.53 0.47 0.32 
Euro area    1.00  -0.77 -0.75  -0.20 0.04  -0.56 -0.60 -0.57 
Japan     1.00  0.48  0.11 0.02  0.48 0.42  0.21 
New  Zealand     1.00  0.26 -0.12  0.42 0.44 0.80 
Canada       1.00  0.38 0.66 0.52 0.34 
United  Kingdom         1.00  0.40 0.34  0.04 
Australia          1.00  0.65 0.27 
Sweden             1.00  0.38 
Norway               1.00 
 
Source: Authors’ calculations 
a. The sample period is 1974:2–2006:4 for New Zealand and 1979:2–2006:4 for Norway. Figures in bold indicate 
significant correlation coefficients based on Hall’s confidence intervals calculated using the stationary bootstrap 
technique, while underlined figures indicate significant correlation coefficients based on the t distribution. 
b. The potential output growth estimate is constant for the euro area and Australia. 
 
    
  30












A. Actual interest rate 
United States  1.00  0.49  0.26 0.24  0.71 0.39 0.52  0.22 0.13 
Euro area    1.00  0.52 0.48 0.63 0.55 0.69 0.65 0.60 
Japan     1.00  0.06  0.22 -0.09  0.18 0.25  0.62 
New  Zealand      1.00  0.27 0.61 0.57  0.29 0.16 
Canada       1.00  0.53 0.60  0.32  0.39 
United 
Kingdom         1.00  0.66 0.37 0.40 
Australia          1.00  0.38 0.30 
Sweden             1.00  0.33 
Norway               1.00 
B. Natural interest rate 
United States  1.00  0.64 0.37  0.17  0.90 0.76 0.78 0.48 0.91 
Euro area    1.00  0.14  0.60 0.83 0.74 0.73 0.68 0.60 
Japan     1.00  -0.63  0.21 -0.20 -0.15  -0.38 0.99 
New  Zealand      1.00  0.45 0.78 0.74 0.82 -0.63 
Canada       1.00  0.90 0.91 0.77 0.77 
United 
Kingdom         1.00  0.99 0.89 0.57 
Australia          1.00  0.89 0.54 
Sweden             1.00  -0.05 
Norway               1.00 
C. Interest rate gap 
United States  1.00  0.41  0.21 0.18  0.58  0.16  0.39  0.17 -0.24 
Euro area    1.00  0.52 0.31  0.13 0.04  0.26 0.54 0.42 
Japan     1.00  0.07  -0.04  -0.39 -0.05 0.23 0.39 
New  Zealand      1.00  -0.10  0.24 0.23  0.11 0.14 
Canada       1.00  0.22 0.27  0.01 -0.11 
United 
Kingdom         1.00  0.34  0.01 0.09 
Australia          1.00  0.06  -0.09 
Sweden             1.00  0.27 
Norway               1.00 
 
Source: Authors’ calculations 
a. The sample period is 1974:2–2006:4 for New Zealand and 1979:2–2006:4 for Norway. Figures in bold indicate 
significant correlation coefficients based on Hall’s confidence intervals calculated using the stationary bootstrap 
technique, while underlined figures indicate significant correlation coefficients based on the t distribution. 
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Table 9. Convergence of Actual Output Growth in Eight Countries with the United States and 
the Euro Area, 1970:2–2006:4a 
 
 I(0)  Order  Drift  AR  coefficients  HLS 
Country (1)  (2)  (3)  (4)  (5) 
A. Convergence with the United States 
Euro area  Yes  1  0.0000  0.1260       0.3 
Japan Yes  1  0.0000  0.1105       0.3 
New Zealand  Yes  1  0.0000  –0.1836       0.6 
Canada Yes  1  0.0000  –0.0273       0.5 
United Kingdom  Yes  1  –0.6998  –0.1092      0.3 
Australia Yes  1  0.0000  –0.0684       0.5 
Sweden Yes  2  0.0000  –0.0162  0.1742     1.6 
Norway Yes  1  0.0000  –0.3124       0.7 
Chile Yes  1  2.6974 0.2233       0.5 
       Average HLS  0.6 
B. Convergence with the euro area 
Japan Yes  4  0.0000  0.0797  0.1253  0.2402 -0.1871  1.7 
New Zealand  Yes  1  0.0000  –0.2010      0.6 
Canada Yes  1  0.6894 0.2240      0.5 
United  Kingdom Yes  3  0.0000 –0.0377 0.1720 0.1801   2.3 
Australia Yes  1  0.0000  0.0244        0.2 
Sweden Yes  3  0.0000  –0.1829 0.2448 0.1837   1.6 
Norway Yes  3  0.0000  –0.2135 0.3031 0.1768   1.1 
Chile Yes  1  3.3966 0.2991      0.6 
       Average HLS  1.1 
 
Source: Authors’ calculations 
a. The sample period for Chile is 1986–2006. Significant estimates are in bold. In column 1, we use the grid 
bootstrap (Hansen, 1999) for autoregressive models to compute confidence intervals for all AR coefficients. In column 2, 
we use AIC, BIC and HQC criteria to determine lag lengths. Column 3 reports the value of the constant in the AR 
model. Column 4 presents the estimated AR coefficients. Column 5 reports the half-life of a unit shock (HLS) 
coefficient, which is defined as HLS = abs(log(1/2)/log(α)) for AR(1) model (with α ≥ 0). The HLS for AR(p) models can 
be calculated directly from the impulse response functions. We did not find convergence for the unobservables (natural 
rate of interest and potential output growth) in either case (with the United States or the euro area), since the series 
are not I(0) (stationary). In these cases, the HLS coefficients are explosive (∞ or a large number). 
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Table 10. Convergence of the Actual Interest Rate in Eight Countries with the United States 
and the Euro Area, 1970:2–2006:4a 
 
  I(0) Order Drift  AR  coefficients  HLS 
Country  (1) (2)  (3)  (4)  (5) 
A. Convergence with the United States 
Euro Area  Yes  1  0.0000  0.8650   4.8 
Japan Yes  1  0.0000  0.8274   3.7 
New Zealand  Yes  1  0.0000  0.7494   2.4 
Canada Yes  1  0.0000  0.7571   2.5 
United Kingdom  Yes  1  0.0000  0.7625   2.6 
Australia Yes  1  0.0000  0.7107   2.0 
Sweden Yes  1  0.0000  0.6806   1.8 
Norway Yes  1  0.0000  0.8826   5.6 
Chile Yes  2  0.0000  0.7066 0.2182  7.5 
       Average  HLS  3.6 
B. Convergence with the euro area 
Japan Yes  1  0.0000  0.7554   2.7 
New Zealand  Yes  1  0.0000  0.7060   2.0 
Canada Yes  2  0.0000  1.0074 -0.2645  3.0 
United Kingdom  Yes  1  0.0000  0.6695   1.7 
Australia Yes  1  0.0000  0.5953   1.3 
Sweden Yes  1  0.0000  0.4365   0.8 
Norway Yes  1  0.0000  0.8115   3.3 
Chile Yes  1  0.0000  0.8813   5.5 
       Average  HLS  2.6 
 
Source: Authors’ calculations 
a. The sample period for Chile is 1986–2006. Significant estimates are in bold. In column 1, we use the grid 
bootstrap (Hansen, 1999) for autoregressive models to compute confidence intervals for all AR coefficients. In column 2, 
we use AIC, BIC and HQC criteria to determine lag lengths. Column 3 reports the value of the constant in the AR 
model. Column 4 presents the estimated AR coefficients. Column 5 reports the half-life of a unit shock (HLS) 
coefficient, which is defined as HLS = abs(log(1/2)/log(α)) for AR(1) model (with α ≥ 0). The HLS for AR(p) models can 
be calculated directly from the impulse response functions. We did not find convergence for the unobservables (natural 
rate of interest and potential output growth) in either case (with the United States or the euro area), since the series 












Source: Authors’ calculations 
a. In panels A and E actual inflation is the solid line, inflation forecast the dashed line and inflation trend the dotted 
line. Panels A through D correspond to data from 1960:1−2007:2 and panels from E through H correspond to data from 
1986:1−2007:2. 34 




Source: Authors’ calculations 
a. In panel A actual inflation is the solid line, inflation forecast the dashed line and inflation trend the dotted line.   
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Source: Authors’ calculations 
a. In panel A actual inflation is the solid line, inflation forecast the dashed line and inflation trend the dotted line. 
Panels E, F, and G show the unobservables for different grid values for λg, while panels H, I, and J show the 
unobservables for different grid values for λr.  
    
  36






Source: Authors’ calculations 
a. In panels A and E actual inflation is the solid line, inflation forecast the dashed line and inflation trend the dotted 









Source: Authors’ calculations 
a. In panels A and E actual inflation is the solid line, inflation forecast the dashed line and inflation trend the dotted 
line. Panels A through D correspond to data from 1970:2−2006:4 and panels from E through H correspond to data from 
1986:2−2006:4.    
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Figure 6. Inflation, Output, and the Interest Rate in the United Kingdom, 1970:2–





Source: Authors’ calculations 
a. In panels A and E actual inflation is the solid line, inflation forecast the dashed line and inflation trend the dotted 










Source: Authors’ calculations 
a. In panels A and E actual inflation is the solid line, inflation forecast the dashed line and inflation trend the dotted 
line. Panels A through D correspond to data from 1970:2−2006:4 and panels from E through H correspond to data from 
1986:2−2006:4.    
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Source: Authors’ calculations 
a. In panels A and E actual inflation is the solid line, inflation forecast the dashed line and inflation trend the dotted 










Source: Authors’ calculations 
a. In panels A and E actual inflation is the solid line, inflation forecast the dashed line and inflation trend the dotted 
line. Panels A through D correspond to data from 1979:2−2006:4 and panels from E through H correspond to data from 
1986:2−2006:4. 
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Source: Authors’ calculations 








   
   Source: Authors’ calculations 
a. The panels show the unobservables for different grid values of λu. 
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Figure 12. Grid-Search Results for the Extended Model for Chile, 1986:2–2006:4a 
 
 
Source: Authors’ calculations 
a. The panels show the unobservables for different grid values of λg (first row), λr (second row), and λu (third row). 45 
Figure 13. Potential Output Growth in Nine Economies, 1970:2–2006:4a 
 
 
Source: Authors’ calculations 




Figure 14. Neutral Real Interest Rate in Nine Economies, 1970:2–2006:4a 
 
 
Source: Authors’ calculations 
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Source: Authors’ calculations 
a. The sample period starts in 1974:2 for New Zealand and 1979:2 for Norway. The window size for the rolling 
estimations is seventy-four quarters. For instance, the first point estimate corresponds to 1988:3, which is based on the 
period 1970:2–1988:3.  
 
  47





Source: Authors’ calculations 
a. The sample period starts in 1974:2 for New Zealand and 1979:2 for Norway. The window size for the rolling 
estimations is seventy-four quarters. For instance, the first point estimate corresponds to 1988:3, which is based on the 
period 1970:2–1988:3.    
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Source: Authors’ calculations 
a. The sample period starts in 1974:2 for New Zealand and 1979:2 for Norway. The window size for the rolling 
estimations is seventy-four quarters. For instance, the first point estimate corresponds to 1988:3, which is based on the 
period 1970:2–1988:3.  
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Source: Authors’ calculations 
a. The sample period starts in 1974:2 for New Zealand and 1979:2 for Norway. The window size for the rolling 
estimations is seventy-four quarters. For instance, the first point estimate corresponds to 1988:3, which is based on the 
period 1970:2–1988:3.    
  50




Source: Authors’ calculations 
a. The sample period starts in 1974:2 for New Zealand and 1979:2 for Norway. The window size for the rolling 
estimations is seventy-four quarters. For instance, the first point estimate corresponds to 1988:3, which is based on the 
period 1970:2–1988:3.  
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Source: Authors’ calculations 
a. The sample period starts in 1974:2 for New Zealand and 1979:2 for Norway. The window size for the rolling 
estimations is seventy-four quarters. For instance, the first point estimate corresponds to 1988:3, which is based on the 
period 1970:2–1988:3.    
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Source: Authors’ calculations 
a. The sample period starts in 1974:2 for New Zealand and 1979:2 for Norway. The window size for the rolling 











Figure 22. Actual Output Growth Correlation of Eight Industrial Economies with the 




Source: Authors’ calculations 
a. The sample period starts in 1974:2 for New Zealand and 1979:2 for Norway. The window size for the rolling 
estimations is seventy-four quarters. For instance, the first point estimate corresponds to 1988:3, which is based on the 
period 1970:2–1988:3.    
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Figure 23. Potential Output Growth Correlations of Eight Industrial Economies with 





Source: Authors’ calculations 
a. The sample period starts in 1974:2 for New Zealand and 1979:2 for Norway. The window size for the rolling 
estimations is seventy-four quarters. For instance, the first point estimate corresponds to 1988:3, which is based on the 
period 1970:2–1988:3.  
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Source: Authors’ calculations 
a. The sample period starts in 1974:2 for New Zealand and 1979:2 for Norway. The window size for the rolling 
estimations is seventy-four quarters. For instance, the first point estimate corresponds to 1988:3, which is based on the 
period 1970:2–1988:3.    
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Figure 25. Actual Interest Rate Correlations of Eight Industrial Economies with the 




Source: Authors’ calculations 
a. The sample period starts in 1974:2 for New Zealand and 1979:2 for Norway. The window size for the rolling 
estimations is seventy-four quarters. For instance, the first point estimate corresponds to 1988:3, which is based on the 
period 1970:2–1988:3.  
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Figure 26. Neutral Interest Rate Correlations of Eight Industrial Economies with the 




Source: Authors’ calculations 
a. The sample period starts in 1974:2 for New Zealand and 1979:2 for Norway. The window size for the rolling 
estimations is seventy-four quarters. For instance, the first point estimate corresponds to 1988:3, which is based on the 
period 1970:2–1988:3.    
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Figure 27. Interest Rate Gap Correlations of Eight Industrial Economies with the 




Source: Authors’ calculations 
a. The sample period starts in 1974:2 for New Zealand and 1979:2 for Norway. The window size for the rolling 
estimations is seventy-four quarters. For instance, the first point estimate corresponds to 1988:3, which is based on the 
period 1970:2–1988:3. 
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